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Abstret. 'The high degree of ompniational complexidy of dmonpheres
and orran general dmonlation modede, land -anrfee modeds, And dymam-
irAl ara-irr modein makes onpled cimate modeling 2 grend-challenpe
problem in highperformanre ompnbdng (n disnibnbed -memonr par-
alld ompniem, A tonpled Todel omprnen mnkiple M EEE-pRng-
ramlld moden, rech oF which mnedk excchange data among themaedven
or thmongh 2 mpecel omponent Aled 2 conplee. Ve Wwdel Conpling
Voleit (M) i 2wt o Forkrand ohjerin that can ke need b0 emily
oralr bhw bandwidith pamiE daba reacch ange Algordhme and other fnnc-
tione of A pamllE onpler. [n thin paper o dewcxibe the ML howe it
w rmpdoyed fo impdement aome of Ehe mportant Ionctione lonnd in the
Hnx conpler For the |"amlied CEmate Model{ 182K, and compare the per-
Forman e of MO " baned 192N Foncdione wth thesr 1NCM connkerpanta.

1 Intraduction

The practice of clitnate Tacxdeling haa pregresasd froma the &pplicatiom of atTe-
Apheric gemetal cirmlation models (GOMR) with preacrihed honndary condition
aml arface fix foremg to mupled carth aptem modeda, comapTiRIR &N A&tTE-
aphetic GOM, an ocean GOM, & dywarnic-thermody marinie ass ioe Texdel, & land-
airface Tacxdel, & Tiver rumSrouting mexdel, awl potentially other comapomnent
Tncxlel—anch aa atracapheric chemtartry or hicgeechemiatty—in rimtisal mierae-
tiem. The high degree of comaputational complexity in tany of theas comapemewt
Texde i [particnlarly the ocean and atmomhers GOMR) gave TTiRetus o farallsl
impleTnentaticms, and the trened in comapinter hard ware towandh TicToRTeoERoT-
Teaed, digritinted-raememy platformon haa made Tiesge- Taaning paralleliam the
ckornimant Tacxlel architerture paradigm. T, copled earth-ayatern acedeling
can entall the creation of & paralld onpded moded, Tepriting the tramfer of lange
armenmita oof clata between Toltiple Tisiage Leading BaTalle] comapement Tcdels.
Ceniplerd miexdela present & comdderahle Inrease it tertm of compitational and
acftware comaplexity cver theit attwaphenn cliteate tacxdel coimtemparta

A mmaher of architectrsa for patallel conpled medels exiat. Omne atrategy ia
the mertiem ofa fine conpler that coomdfinatea data tramfer et ween the other ceom-
pement Taexkela amd governa the cverall execition of the compled mexdel, which can



he feamed in the Kational Center for Atmaeanherin Reaearch (WO AR) Climnate Sym-
tern Miexdel [CSW0[1][5][11] and the Paralle] Clinaate Model [POM)[1][3]. Aneither
arliticom A the e of copfing TThratiea aeh sa CERFACS' OQrean A tracaphers
Fea Tee Surfare[13], the UOT A Diatriboned Data Brobker[8], and the Meah-hased
parallel Code Conpling Tnterfane [MDOCTI[13]. A thitd aslution implernenta the
rrmpler sa an interfare hetween the atracsphere awl the airfare componenta aich
aa the: Faat Orean Atmweaphers Medel[8].

The athem have atidied theas previom atrategien [and othem), and decided
ter ereate & Fortranidd aoftorare teanllit to aupnemt the orre fimeticma commem te
rempled raexdela: grideded data demaain decemapeaition and paralle] data tramfer,
Internolation hetween cootfinate grida imanlerented sa ATarae Tkt Hix-werter tinl-
tiplication, tine aversging and aoruranlation, wprmentation of ooemdinate grida
aned auppert for glehal integral and qatial averaging, aned Tenging of et data
fremn Tanltiple comapement racdela for inpit to another comipenent medel. The
renlt ia the Medel Conpling Tholktt [MOT)[12]. Fortran®) waa choaen hename
the waat Tagjority of geephydesl Tacdeld [mr target appleation) are written in
Ferrtran or Fortani), and == wanted to provide theae naem with texola that ex-
ploit the advamred feature of Fortrani)d, and aveid interlanguage operahility
Tnaiea. The deciden i hnld & teollkit aupperting the lew-level data Terernent
aml tramlation fumcticma fenmel in fhioc cemplem wea driven by oir desire to ore-
vide maxitvemn Aexihility te et mem, ane te auppert the wideat waihle range
of e led el &pplicatiema

Tn Sectiem Twe, we deacrite the POM fhoe conpler henchmeark, amd preasnt
perforraence fgumea frem the originel henchmark and the reailta of the authem!
optitwisation work on this cede. Tn Sectiem Thres we dearrihe the Medel Couplmg
Thelkit. Tn Fertien Four, we explain hew the MOT can he emapleyed to create
pEralle] cempled racedeln, and present WMOT-taaed paeidecnde for enmr imaplernen-
tation of the POM conpler henchrnark. Tn Fection Five, we repert performanns
figuren for the MOT mperentaten of the POM copler tenchmasrk amed cemi-
pare thern with previens POM titamga.

2 Tha Parallal Climate Madal Coupler Benchmark

The Paralle] Climate Mode] (FOM)[1][3] comprises the NCA R atroapheric taodel
COM3, the Farallel Orean Frogram (FOF) ocesn e, & dynamic - therme-
dynamic ass ire Tkl the TLAM and-wrface medel, and & tiver-rimef eiting
Tacxke], with & dhatfhted fhix conpler coomdfinating the trandfer, mter-grid inter-
pelatiem, aned tiree- areraging amd accimwnlation of interfacial fhix and heamed-
ary cemefition cata. Fach of thews comapenent tacxdeln ® Toeaage- Teading [sarallel
Twaed on the Menage-Paamg teface (M) atandard. The Tedel ina aingle-
Tesck-iTeigge &L 1At m, ane ita comapomenta a1 Tim AsgpEentially ™ an event-leon
a#A aheown i Fignme 1.

A umit-teater of the POM coamler exiata, aned exerinten all the conpler'a inter-
pelatiem, titne averaging amd accnrmilation, awd Tl fi-component data-menging
fumcticma for & ten-cay periexd ming cdhimamay comapementa in place of the at-
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Fiy 1. Schematc of the |"uralld CEmmie Model, showing the omponent mode exe-
miion mvent loope

Tacsphete, orean, et ceterd. The attacaphere-to-oeean grid operatiom are: TH)
nterpolation calla to regrid & timwdle of two fielda, and twoaeta of T INtETRola-
tiem calh to regrid dx fleldh. The ooean-to-atrwaphene nterpolation operatioma
are: 30 imerpolation calla to interpolate one field [re fraction), two Asta of
210 mterpolation calh to egrid aix feda of orean dats, sand 240 mterpolation
ralla teo reghd Aix Aelda of aza ice atate data (redding on the oean grid). For
e cliscaaiom, the POM compler henchmark comprines fourr quantitien: (1) te-
tal time ApENt oW comTIMicstiona in the atiomqhere-to-ooean interpolation, ()
tetal tite apent em floating-point operatioma in the atmaeaphere-to-ooean Tnter-
polation, (@) total time Apent om comammicationd in the oosan-to-atmoaphers
interpolation, and (1) total timeapent en feating point operations n the orean-
teratTaeaphers Interpolation,

The POM roupler haa heen henchmarked for the TAM FF-3[6], asmmmg
an atrwmpher with & horigmtal grid correaponding to T2 apecttal trimeation
(8192 pointa) and an ocean with & POPx grid (110582 pointa). This benchmark
teflerta the cenpler design for POM verdon eme, where the commmicatioma en-
pleyed churing the atrweaphere-to-ooean amwd ooean-to-attaemphenr miterpolation
operatiomd rent eaedn deta, and weed hlecking aend amed rersive opetaticoma. Tim-
g e the SP-3 for theas operationa are preaented o Tehle 1, and are labeled
&4 the “original™ valiea.

The sthom optitnead the hawl-cexded POM comammmicat iona algorithma by
MRInE Teassge-packing te ot handwidth ceata, &l etapleging em-hlocking oomi-



Tmicationa[11]. Thene changes reanlted o dramiatically redweed timinga, &4 can
he aeem fremn the “optimized™ whie s Tehie 1.

Tabl: L (MM Conpler Benchmek ‘[Tminga {in eeondn))

Mnmker Al monphere- Almonphere- [ran- [ran-
of o)z toAkran to-Atmosphee | fo- Al monphee
|'mrrmnom | (ommnncatione| Commonicatone [:n'rnrmnim.ﬁml| [:nrmnnni.w.ti:m‘
{nligimi::l {npﬁn‘im:l:l {l:l"gma.l::l {npti'rnimd::l
1d 13384 4m4g 14543 203
a3 12H7 2/|4 17 1™ 1441
a4 11.853 2178H 1209 1323

3 Thea Madeal Coupling Taalkit

The MOT s & aet of Fortrani rochilen defining detived datatypes awd rotinen
that presrice come RerviceR comaTiem te coiped mexdela

The MOT prewricken two claaas of domain decompeaition deacAiptom & ome-
fiTnenaiomal denomporition (the Cleballap, defined nthe Ticdule m_GleobalHap)
aml & argmented dermapeaitiom for tonltidireendicmal and imatractired grida
[the GLotal Seghap, defined T the mednle m Glotal SegHap) . The MOT providea
TaeamA for initializing amd cuierying thee dewrriptem, global-te-looal iwdexing
aetvicen, awl the eam for excange of dewriptom hetween comapemnent Tedels.

The: HCTWer1d datatype [defined in the medile m HCTWer1a ) previdea & Teg-
atey for compement tcdeln that dearriben the precesasm om which they reaide.
Thi allowa for antomaatic tramlation hetween Tocal [comaponent Tacodel) and
glotal prexeaa TT) mimabemr nesded for intercempenent texdel comammimicatioma.
The amignment of comarmmicstom awl preeem TT'A wmed by each comapoment
Taexke] em the comarmimicator HPT COHH WORLD ate detemmained by imvoking the
Mutti-Froceaa Handahaking (MFPH) utifity[7].

The Renter datatyne [defined in the modinle o Aonter) encapanlatea MOT
paralle] commaimicatiom achednlmg. A Rentar s initialized antomatically from
a pait of domaain decompodtion dewrriptom for the aomee and deatination de-
cemapeniticma. Thin datatyne alleswa for the antomation of the complex arallel
intercemaponent Taccke] data tramfem necemary for Migh performance.

The attrVeet, or attmibute pector, Ta the MOT R flexihle, extenaible, amd in-
dexitle data feldatorage datatype. Thin datatype a defined, alomg with itagery
aml auppert routined i the MOT mcedule m_aterVaet, aned haa pomt-to-peint
amd collective comamomicatiom ot e defined by the taodnle m_att e cbComma
Thw allewn the maer rsxmoms exibifity in configuring & conpled maeedel. TF the
ceomapement Texlela awd conpler are designed preperly, the felda pased hetween
ceomapement Tacxleln connld he comfigimed &t mimtitie. Tt a pesdble to atore hoth



Teal amel integer data o thia datatype, which allewa & met to carry areimed saus-
riated gridpeint mdedng information saa & eana of raemitering prreadng awd
an &l ter cetngEringy cenipled mede] applicaticma T'he atorage order o the derived
type i fleld-major, which w eompatible with the wotion that Tt commanmica-
tiem and comaprtation in & conpler 4 preceaing of Tanltiple fielda of point data.
Thw allewn, whene peaathle, fior the field atorage datatype to e waed dirertly s
& hrffer for MPT eperationa and alleewa for renae of matrix elementa diuring the
nterpolation procema, thin heoaing perforrvane for thin preceaa.

The MOT prewriden auprert for ik aned atate dats figld ntemolation wia
an efficient apatae Tastrix-vector Tltiply that werka ditectly with the MOT'
AterVmet datatype. The MOT Sparasiatrix datatype, defined in the rednle
m_Sps rasHatyr iy, encanallatea apame Tatrix elernent atorage, alomg with Apaee
for glohal and loeal rew-and-eolumam indexing inforraatien. Thia tacdule alas
preancden fanlitien for aorting of matrix elerenta, which can yield & more Teg-
nlar TaeTaeTy-arrean Tattern and thim heeat Aingle-proceaat performance dir-
g Tatra-vertor tamltipfication threagh hetter cache waage . Comammimication
apper for thin datatype are predded o the todinle o SpeasHaty {oComma .
Hhemea for antomeatically eomapiting domain decompeaitioma haasd emo glotal
T o eolurm iedex Inforraation atored s Spoeeasiis bl v are prewided nothe
Tinexhinle m_Spavs whin byl TolHapa &l achemmen for commrtmg demasin decompesd-
tiema for the SparasHst riv awe preadded oo the Tednle o S sk st | el compn .
VYarema parallel taatrie-vector Tnltiplication reatined are defined in the rednle
m_Hat ptereetinl . The MOT cumrently haa weo fanlitiea for compiting interno-
laticm matrix elerenta, and 1 4 saamed the waer will comaprte therm of-lime
ming & package anch s the Fpherica]l Coemfinate Fegridding and Tnterpolation
Farkage (SCRTFI[10].

The GeneralGrid datatyne [defined o the icdule m GeneralGeid) a the
MOT cxordinste grid dewrhptor, and can auppert TmltdiTe miomal and un-
atmictuted grda. Thia datatype allowa the mer to atere geemaettic information
ach aa gridell cresaraectiomal ares amd volime weighta, &nd integer data for
any nutaber of grid indexing awchemes. Grid geemetty atored in & GaneralGrid
inomeed Ty the apatial mitegration awd aversaging omtined defilned ™ the Tacdile
m GlohalTntagrala.

The necnmlatey datatype (defmed in the raodule m_eenmmlatesr) previdea
flexitle, extenaible, awl indexihle regintem for temporal averaging awl acomr
latiem of atate awl ik data, Commimicationn auppert for thia datatype are
clefined in the techile m_feenmn 1akorTomra,

The MCT mcdile m_ Harge prevides rentines for merging fhux and atate dats
frema ranltiple cemapement Tedela for e iy anecther comipenent Taede], with frae-
ticmal area weighting and/er mading encapnlated either in the GanealGrid
ot Aberlmet datatypea

The MOCT a tnilt npem the WA SA TAQD Menasnge Paaring Faviremmment T0til-
ited [MFFL), which prewide mmport for taain ow-level data types npem which
MOT cleaasa are hinilt, Bortrani®d mceduleatyle accean too MPT, and texda for
ertet handling, aorting data, and timing. Both MPEL awd MOT have their dee-



e taticn ilt-in, raplemaente] aa estractihle prelegmued comapatihle with the
anftware peekame ProTeX, which trandated the proleges inte TaTeX

The: pregraraming nterfure tr the MOT A dearibed Ally m the MOT ATPT
Tefniticn Deeimaent, which s availahble vie the MOT Weh aite

hibp: S e mea . anl | gearSacpl fmet .

Currently, the MOT ain beta releass. & complete fomual telesie of the MICT will
cxem in B2, Weork s cwrrently umwder way to itaplemaent the new i compler
feor the Commmmity Climate Syatern Mode]l (QCSM) wing MOT[S]

4 Implementation af PCM Flux Caupler Functians using
the MCT

Taing MOT to cenple meaige-Tmaing paralle] mexdela inte & compled parallsl
Tinexle] a relatively eanr. The naer areaas MOT datatynes aned raochilea thengh
Fertrantd e saanciation, creating imtantiationa of the MOT ohjecta awd in-
voking MOT meatines sa nesded to accomaplinh the cempling. For the aalke of
AiTplicity = comider emly the atrtwaphee-ooesan intetantionr, and preent e
tkoerxde where the emly conpling activities involved are grid interpelation. Tn thia
caae, emly & aitaet of the MOT s wAaihle te the mer. For exatanle, the Rontar
datatype n inveked indide the TastAX-vertor interpolation reatined, and tha ia
Tnriaihle to the et

The MOT datatypea ahared hetween the ooean, atracaphers, awd coupler ame
elefined in the mechile m Conpl i nga:

mednle m_Conplinga

naw m_AbErlUwet | Flald Stovage Datatypa
nAs m_ClobalSagHap | Domhin Dasompeaiticn Dancse (Bt o
naw m_SparasHatriy | Interpelaticon Haty icaa

! nEErUect For atmoAnhers Aata
eyl bErmat ) ! ConplerTapnt Fromitmea | Con plewCnt potTentmea
! neEriect For ooahn data
eyl berUmat) 0 ConplewTapnt FromDesan | Con ples TapmeToDoss n
| AtmeAphers and Dosan GlohalDeghsp
typel ClobalSegHap) ! ! AtEoAGIoBA1RegHa T, Doaandlobs1ZagHan
| Atmcaph s —to—Clean n ANA [ladhn —fo—1tmearhars Sms ras ety 1y
eyl Sravasiatri ) ! ARmoATOD ek THNE | O NTef Ers ATHN £

end mednle m_Conplinga

Frewdernde for the atracaphere, ahewing how MOT datatyped are naed, and
Teantined are invoked 1A contained in the atmaesphers anbrentme cemf) A

helow. The predeeede for the orean A analgein, and ia not ahewn for the aale
oof hreity.

anbrontine comiitoeaInpntFeonConpler | Atmoaln tpnt Tolonplee
nae m_HCTWor1d | HCT Component Hedel Regiatyy



naw m_nttrleet | Fiald Stovage Datatyps

| Initialize HCTWGrld vegiatyy:
LFCinieinlimation) &all HOTWe1d_Tnie)

| Imitialime Compler Atmeaphess Domain Decompoaiticn:
LFinitialization) aall GlohalSegHan Tnit] AtmoadlshalSagHan )

| Unphel atmeaphevs inpnt feom AtmeaTnpmt FronConpler A8 trlect
| AbmeAphere medel intagvaticon leop!
Au Atep = 1 natera

v A
| Pack atmoaphers cutpmt ints Abmoalntpme TeConpler AttyTwet

if{anntdewn) then
| Deatysy Conpler Atmoapherw Doms (0 Desompoait ion
e8] Gleha] SegHap Cleann {AtmoaGlohn] SegHa )
| Daatioy HCTWerld regiatyy
=311 HCTWer1A Cleang )
.. 1.EL )
wnd Ankyentine sam

Fredexnde for the dwntritnted o compler, which exeotes the cozan and &t-
Tucphete comapementa, and interpolater data hetween the atracaphers and coesan
grick n ahicsrm hekow in the pregram epl.

Togram £nil
nam m_HCTWer1d | HCT Component Hodwl Regiatry
nae m_GlohalZegHan | Domaln Decompsalt ion Deacyiptra
nam m_AbtrlUwet | Field Storage Datatype
nAw m_SEarasHatyix | Tnterpelation Haty Loss

nae m_SHatAttrUectHult | Pavalle] Spoaeae=Hatyie=ittribnte
| Vectoy HUltiplicaticn Fuaneticma
| Tnitialize HCTWorld vegistyy
call HCTWo¥1A _Tnitf)
| Tnitialize inpnt and outpnt Ltbribmts Uectora
call AttrVest _Tnit{ConplerTnpntFromitmea)
call AttrVest _Tnit{Conplerint pmtTo Atma)
call AttrVest _Tnit{ConplerTnpntFronbosan )
call AttrVest _Tnit{Conplerint rmtTolosnn )
| Tnitialize Interpelaticn Hatyricea:
call SuavasHstyrix Tnit{atmeaT olon nZHa t)
call SpavasHstyix Tnit{DeeanToitmeaziat)
| Compler Time Evelnticn Lesp:
de lelesypml nelessTa



L w1 cat, Limmdd Ehen
| AAn the atmeaphess Bedel:
enll cem{Cenplarine pntTontmea, Conples Tapm EFwomik mea )
! Tntepedate thia Aats cnts the Desan Grid.  Hare the
| makriy alementa Aiatribntad By e (1 oa. Eaasd on the
| ooann grid tector decomposition].
a1l SHathttrlactin] Ayl CenplarTnpntFromitma, &
AtmoATlohh] SagHap, &
AtmaATollcan noHnt | &
CenplerintpntTolonan 3
wnd i
1F {meadf L] e, 2 mm3 ) then
| AAn the cusehn medwl!
enll pepiCenplerimt patToloshn | Conples THEM B Fe camle din
| Tntwrpelate Ehia Axts oot Ehe AEmeaphers QFid.  Hetw
| he matriv alementa diatribnted By osdlnmn (1oe. Hhaed
| on the ooean grid vectoy decompoalticn].
A1 SHAEARE e AEH ] ] Al ConplarTapnE Froneean &
Oonn nCEHAT, &
Qe nToNEmaASHAE | &
CenplerintpntToatmea )
wnd i
wnd A
| Deatyey inpnt and ontpnt AREEIBRES Uestors
call AttrVect Cleanf ConplerTn ot Frcmit mea )
call nbtrVect Cleanf Conplerin tpneTedtmen )
call AttrVect Cleanf ConplerTn potFrcmbessn )
call nbtrVect Cleani Conplerin tpntTeleosan )
| Deatrey Tntepolat ion Hake Lo
call SparasHstrie O eangitmea Toleaan=Hat )
call SparacHstrie O eaniOessn ToitmeaSHat )
| Daat¥oy HOTWerld regiatey
call HCTWor1d Cleant )
wnd o gYam Spl

The MOT vemiem of the POM compler ia wery Aamilar i the mendeorxde
preremted abeve,

5 Pedormanca

Ferforrance reanlta for the MOT itaplementation of the POM omler hench-
Tnatk & preaented m Table 2.0 The comTmmimica tiema rontmg mechaniamm in the
MOT are far more flexihle than theae inthe hand-timed POM conpler, tit cema-
pEriam of thens remnlta with theae in Tehle 1 shew the atracaphere-to-coesan
aml orean-tr-atTacaphere comatimicationa ceata for the MOT imaplementation
are either the aaree or Alightly lesser.



Tabl: 2. MCTICH Conpler Henchmark Commnn ications *minge {serondne)

Mumbawr of | At phurs- (lrnnns-
Primuscams | tiellinen  (faedtmisphen:

1a 289mM 1.HME
a2 1.80H 1.3:8
Bd .45 1128

Fleating-point operation titninga for the POM intemolation operations fior
heth the eriginal POM itaplermentation awl the MOT irplementation are pre
aemited im Tehle 3. The cemapntation coaa are ot Agmifkeantly wome, and mually
are Aignifleant Ty hetter than the origina] POM titningh. Tha s very encolmaging
cemakering the hand-tuned POM usd f77-atyle, atatic arraya, aned the MOT
implernentaticm employs Fortran®d derived types Tt em top of allecated ar-
rayi. Both the POM and MOT imaplernentaticons have been deqigned ao thiat the
lexap-toreker in the intempelation ja cache-fiendly. The meoat 1Tkely resacm for het-
ter comnptatiomal perfermance in the MOT implernentation are (1) the me of
Texal rather than globwl arreya for the commitations, and (2) the application of
acring of Taettix eleraenta in the MOT impletentation, toth of which itprove
data-Teeality and this iTnpreve cache pefomiance.

Tabl: 3. MM Conpler Henchmark Floating-poink Operations *Tminge {eronde)

MNumbir |Atmisphioy= | Atmescphire=- (liumn- (liumn-
1.3 ta=Cliaan tanliamn (LA trscphsers: bied trmiscphs e
Primuseams [T [T [T [WCT)
18 488 4.408 1484 1.418
a2 247 2.644 1.832 1.780
a4 1.1HH 1.938 1.201 0.4

A Caneclusians

We have dearnihed & wealidic application of the the Medel Couplmg Teolkit
ter Taplerent aomae of the ore fimctioma foumd ™ the Parallel Clitate Medel.
The prendenexde presented ahewn that creating copled medels wming the MOT s
attaightforwand . Performance reanlin indicate that the nae of advanced featnren of
Fertran@hin thin caae o wot degrade pefomiance with reapect o an optivaized
verion of the 77 POM conmterpart. Fleating-peant performence i the MOT
veraion of the POM henchmark iR alightly hetter than the orginal, diue o hetter
data locality.
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